ABSTRACT. Anti-Müllerian hormone (AMH) produced in the developing testis induces the regression of the Müllerian duct, which develops into the oviducts, uterus and upper vagina. In our true hermaphrodite mouse with an ovary on one side and a testis on the other (O/T), the oviduct and uterus are present only on the ovary side, and nothing derived from the Müllerian duct is present on the testis side. Here, we investigate the mechanism underlying the unilateral Müllerian duct regression and the mode of AMH signaling, by performing immunohistology, Western blotting, and organ culture analyses. The histological analysis revealed that during the start of the Müllerian duct regression, the duct in the O/T mice was clearly regressed on the AMH-positive testis side compared to the AMH-negative ovary side. The immunohistochemistry showed a diffuse immunoreaction of AMH in the interstitium surrounding the testis cord and boundary region between the testis and mesonephros, especially in the cranial portion. Western blotting revealed that the amount of AMH in the cranial half of the mesonephros was larger than that in the caudal half. AMH injected into the gonads in organ culture induced the regression of the Müllerian duct via the interstitium of the organ. These results suggest that AMH acts on the Müllerian duct in male mice by exuding into the interstitium surrounding the testis cord and infiltrating through the cranial region from the testis to the mesonephros.
doi: 10.1292/jvms.18-0023 (AMHR2) [22] . ProAMH is cleaved by subtilisin/kexin proprotein convertases, yielding a 120-kDa N-terminal prodomain (AMH N ) and a 25-kDa C-terminal mature domain (AMH C ), and the latter is capable of binding AMHR2 [24] . AMHR2, a serine/threonine kinase, is expressed in the coelomic epithelial cells and subjacent mesenchymal cells lateral to the Müllerian duct of both male and female [3, 6, 28] . When AMH binds to AMHR2, the downstream signal is activated and the Müllerian duct regression is induced [23] . The Müllerian duct is regressed in the direction from the cranial to the caudal region [31] and the manner is presumably due to the cranial-to-caudal expression pattern of AMHR2 [1, 2] .
The internal reproductive organs in our B6N-XY POS mice, all of which are genetically male, can generally be classified into four phenotypes [32] : bilateral testes (T/T), accounting for approximately 36% of the mice; bilateral ovaries (O/O), accounting for 34%; true hermaphrodites (O/T), 20%; and bilateral ovotestes (OT/OT), 10% even though their sex chromosomal constitution is XY with Sry. Interestingly, in the O/T mice, the ovary side has female reproductive tract components such as the oviduct and uterus, whereas organs derived from Müllerian ducts have never been observed on the testis side. The unilateral regression of Müllerian ducts in true hermaphrodites is observed in not only the B6N-XY POS mice but also other sex reversal mutant mice, such as M33-knockout mice [17] and jumonji domain-containing protein 1a (Jmjd1a)-knockout mice [20] . In addition, AMH effects have been shown to be ipsilateral, because unilateral orchiectomy in fetal rabbits resulted in Müllerian duct development only on the operated side [16] . The precise mechanism by which unilateral Müllerian duct regression is induced in the body remains unclear.
AMH is an important factor in the regression of the Müllerian ducts. When AMH acts on the Müllerian ducts in an endocrine manner through the circulatory system, the Müllerian ducts on both sides should regress. Therefore, although AMH is generally classified as a hormone, it appears not to act in an endocrine manner like hormones in the narrow sense. We hypothesized that AMH can act only on Müllerian ducts on one side in a secretory mode other than in the endocrine manner. Hence, we first examined the expression pattern for AMH and the degree of regression of the Müllerian duct in B6N-XY POS mice during the fetal stage, and then investigated the mechanisms underlying Müllerian duct regression in normal male mice, focusing on AMH signaling.
MATERIALS AND METHODS

Animals
Male and female C57BL/6NCrSlc (B6N) mice embryos treated as normal phenotype and B6N-XY POS mice embryos [32] were used, and all of their dams were maintained in 40.5 × 20.5 × 18.5-cm ventilated cages (Sealsafe Plus Mouse, Tecniplast, Buguggiate, Italy) under controlled temperature (23 ± 2°C), humidity (50 ± 10%) and ventilation (75 times/hr) on a 14-hr light/ 10-hr dark cycle at the Kobe University Life-Science Laboratory with ad libitum access to water and a pellet diet (DC-8, Clea Japan, Tokyo, Japan). This study was approved by the Institutional Animal Care and Use Committee (Permission #25-06-03) and carried out according to the Kobe University Animal Experimental Regulations.
Tissue preparation
The gonad-mesonephros complex was collected from 13.5 or 14.5 days post coitum (dpc) mice, for which 12:00 noon of the day of vaginal plug detection was designated as 0.5 dpc. The complex was fixed in 4% paraformaldehyde in 0.1 M phosphate buffer at 4°C for 2 hr or in Zamboni fixative at 4°C for 3 hr. The specimens were dehydrated with an ethanol series followed by xylene and then embedded in paraffin. Then, 4-µm-thick sections were cut by a sliding microtome (SM2000R, Leica Microsystems, Wetzlar, Germany), placed on slide glasses that had been precoated with 2% 3-aminopropyltriethoxysilan (Shin-Etsu Chemical, Tokyo, Japan), and rinsed in 1% Tween 20 before use.
Immunohistochemistry
After deparaffinization and hydration, the sections were heated at 121°C for 20 min in 10 mM sodium citrate buffer (pH 6.0) for antigen retrieval. The sections were allowed to return to room temperature, then immersed in absolute methanol for 30 min, followed by 0.5% H 2 O 2 for 30 min to quench the endogenous peroxidase activity. Next, the sections were rinsed in 0.05% Tween 20-added 10 mM phosphate buffered saline (PBST) (pH 7.4), incubated with Blocking One Histo (Nacalai Tesque, Kyoto, Japan) at room temperature for 1 hr, and then reacted with primary antibodies in a humidified chamber at 4°C for 18 hr.
The primary antibodies used were as follows: anti-AMH goat polyclonal antibody (1:12,000 or 1:200; cat. #sc-6886, Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.), anti-SRY-box 9 (Sox9) rabbit polyclonal antibody (1:1,000; #sc-20095, Santa Cruz Biotechnology), and anti-forkhead box protein L2 (Foxl2) goat polyclonal antibody (1:800; #ab5096, Abcam, Cambridge, U.K.). These antibodies were used in serial sections. The sections were washed with PBST and incubated with horseradish peroxidase (HRP)-labeled polymer conjugated to secondary antibody (Dako EnVision ® + System-HRP Labeled Polymer Anti-Rabbit, Dako, Glostrup, Denmark) or alkaline phosphatase-labeled anti-goat IgG donkey antibody (1:100; #ab97112, Abcam) at room temperature for 1 hr.
The sections were washed with PBST, and the immunoreactivities of the primary antibodies were examined with 3,3-diaminobenzidine tetrahydrochloride solution (Dako EnVision ® + kit/HRP [DAB], Dako) or fuchsin solution (Dako Fuchsin+ Substrate-Chromogen System, Dako). Mayer's hematoxylin was used as a counterstain. The sections on which immunoreactivity was detected with the DAB system were placed in a graded series of ethanol, dehydrated with absolute ethanol, cleared in xylene and mounted in Eukitt ® mounting medium (O. Kindler, Freiburg, Germany), and those detected with fuchsin were washed with distilled water and mounted in Aquatex ® (Merck, Darmstadt, Germany). 
Western blotting
The normal male mesonephros at 13.5 or 14.5 dpc was divided into the cranial and caudal region. The normal male gonad was used as a positive control and the normal female gonad-mesonephros complex was used as a negative control for AMH. The collected samples were snap-frozen in liquid nitrogen and stored at −80°C until use. Each sample was pooled in PCR tubes to adjust the protein amount: eight male bisectional mesonephroi, and four male gonads and three female gonad-mesonephros complexes. The proteins were separated by 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) at 200 V for 40 min and transferred to a 0.45-µm pore size Immobilon ® -P Transfer Membranes (Merck) at 100 V for 1 hr, using a PowerPac™ High Current Power Supply (Bio-Rad Laboratories, Hercules, CA, U.S.A.). The membrane was cut between AMH (12.5 kDa) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (37 kDa). We used a Precision Plus Protein™ WesternC™ Blotting Standards (#1610376, Bio-Rad Laboratories) as a guide for cutting.
After non-specific protein binding was blocked by incubation in Blocking One (Nacalai Tesque) at room temperature for 1 hr, each membrane was incubated at 4°C for 18 hr with anti-AMH goat polyclonal antibody (1:200; #sc-6886, Santa Cruz Biotechnology) or anti-GAPDH mouse monoclonal antibody (1:4,000; #016-25523, Wako, Tokyo, Japan) diluted with Blocking The chemiluminescence signals were detected using a LuminoGraph I (ATTO, Tokyo, Japan). Quantification of the band intensity of AMH was performed using CS Analyzer (ATTO) and the relative amount of GAPDH was used as a loading control.
Organ culture
The normal male or female gonad-mesonephros complex at 13.5 dpc was incubated at 37°C with 5% CO 2 for 48 hr after the injection of 1 µl of recombinant human (rh)-AMH (100 µg/ml; #1737-MS, R&D Systems, Minneapolis, MN, U.S.A.) or normal saline (Otsuka Normal Saline, Otsuka Pharmaceutical Factory, Tokushima, Japan) into the gonad with mesonephros. The organ culture was performed on 1.5% agarose gel in 150 µl Dulbecco's Modified Eagle Medium (DMEM 4.5 g/l glucose with L-Gln and Sodium Pyruvate, Nacalai Tesque) supplemented with 10% KnockOut™ Serum Replacement (Gibco, Grand Island, NE, U.S.A.) instead of fetal bovine serum (FBS) to avoid effects of bovine AMH in the FBS, 100 IU/100 mg/ml penicillin/streptomycin, 3.48 mM L-glutamine and 1.87 mM pyruvate. Mebiol ® Gel (Mebiol, Hiratsuka, Japan) was uniformly placed on the gonad to maintain the original form and the culture fluid was exchanged at 24 hr. In individual wells of a 24-well plate, one AMH-injected sample and one normal saline-injected sample were cultured in the same culture fluid. After the paraffin section of the tissues were prepared as described above, we used hematoxylin and eosin (HE) staining to evaluate the degree of regression of the Müllerian duct in each sample.
RESULTS
Histology of B6N-XY POS mice
We detected AMH in the Sertoli cells forming testis cords in the normal male gonads at 14.5 dpc (which is when the regression of the mouse Müllerian ducts begins) (Fig. 1A) , whereas there were no AMH-positive cells in the normal female gonads at that time (Fig. 1B) . In the B6N-XY POS mice, the degree of AMH immunoreaction varied among gonads even in the same animal. We observed that AMH-positive cells were unevenly located in both gonads ( Fig. 1C and 1D ), one gonad ( Fig. 1E and 1F) or neither of the gonads (Fig. 1G and 1H ). The number of AMH-positive cells and the intensity of the immunoreaction were clearly less in all of the B6N-XY POS mice compared to the normal males (Fig. 1) .
We examined the AMH expression and the degree of Müllerian duct regression in three O/T mice by separating the 14.5 dpc samples into the cranial, middle and caudal regions. At that time point, the gonads can already be discriminated as an ovary ( Fig. 2A) or a testis (Fig. 2B ) under a stereomicroscope. One gonad from an O/T mouse showed an ovary-like structure in which the testis cord was not observed clearly (Fig. 2C) , and the other gonad in the same mouse was thickened like a testis and had ambiguous cord-like structures resembling testis cords (Fig. 2D) .
The transverse sections revealed that the ovaries in the O/T mice expressed Foxl2, a marker of granulosa cells, throughout the whole length (Fig. 3A) , and Sox9, a marker of Sertoli cells, was detected in serial sections, especially in the middle portion, where the Foxl2 expression was weak (Fig. 3B) . No AMH-positive cells were detected in the Foxl2-dominant ovary in the O/T mice, even in the region where Sox9 was detected (Fig. 3C) . In contrast, the testes in the O/T mice showed slight to strong Sox9 Fig. 2C and 2D . In the ovary from the O/T mouse, Foxl2 was expressed along the whole length (A) and AMH was negative (C). In the testis from the O/T mouse, Sox9 was detected through the entire length, and the testis cords were clearly visualized especially in the middle portion (E), whereas AMH was detected in some of the Sox9-positive regions (F). Scale bars=100 µm.
doi: 10.1292/jvms.18-0023 expression over the entire length, and some testis cords comprised of Sox9-positive cells were observed, especially in the middle portion (Fig. 3E) , although some Foxl2 expression was also detected in Sox9-negative regions (Fig. 3D) . AMH-positive cells were observed in some portions of the Sox9-positive site along the gonad, but the strength of the positivity was weak and the numbers of these cells were small, especially at the two poles (Fig. 3F) . The transverse sections of the normal males showed that the mesenchymal cells were closely gathered in a vortical manner around the epithelium of the Müllerian duct, and the Müllerian duct diameter was small (Fig. 4F) ; these findings were not observed in the normal females (Fig. 4E) . The state of the mesenchymal cells of the ovary side in the O/T mice (Fig. 4G, 4M and 4O ) was similar to that of the normal females (Fig. 4E) . On the other hand, the mesenchymal cells of the testis side in the O/T mice (Fig. 4H, 4N and 4P) were in the process of being condensed and forming a swirl pattern as in the normal testes (Fig. 4F) . In addition, on the testis side in the O/T mice, the diameter of the Müllerian duct relative to the width of the mesonephros (Fig. 4H,  4N and 4P) was smaller than that on the ovary side (Fig. 4G, 4M and 4O ), although the diameter (Fig. 4H, 4N and 4P ) was not as small as that on the normal males (Fig. 4F) .
Detection of AMH secretion in the interstitium of the normal testes
We next attempted to detect small amounts of AMH secreted into the interstitium of the testes by using the anti-AMH antibody at a higher concentration. Unsurprisingly, as shown in the sagittal sections, AMH was expressed in Sertoli cells, and the diffusing and L), and the respective Müllerian ducts in transverse sections (E-H and M-P). In the normal males, the diameter of the Müllerian ducts was small and the mesenchymal cells surrounding the Müllerian ducts were condensed and formed a swirl pattern (F), whereas those in the normal females did not exhibit these features (E). The mesenchymal cells surrounding Müllerian ducts of the ovary (G, M and O) and testis (H, N and P) in the O/T mice were similar to those of the normal phenotype (E and F), respectively. In addition, the ratio of the Müllerian duct diameter to the width of the mesonephros on the testis side (H, N and P) was smaller than that on the ovary side (G, M and O). The dashed line indicates the basal line of the Müllerian duct epithelium. Scale bars=20 µm.
immunoreaction was detected in the interstitium around the testis cords at 13.5 and 14.5 dpc (Fig. 5A-C) . In addition, in one part of the cranial region, a weak immunoreaction toward the mesonephros was observed (Fig. 5A'-C' ). The same pattern was also observed in the transverse sections divided into three parts, i.e., the cranial (Fig. 5D) , middle ( Fig. 5E ) and caudal (Fig. 5F ) regions. In only the cranial region, a weak positive reaction toward the mesonephros was observed around the boundary region between the testis and mesonephros (Fig. 5D ).
AMH concentrations in the cranial/caudal mesonephros of the normal mice
Based on the above findings, we expected the concentration of AMH to be higher in the cranial region than in the caudal region of the normal male mesonephros. We thus performed Western blotting to measure the levels of secreted C-terminal AMH in the male mesonephroi, male gonads (as a positive control for AMH) and female gonad-mesonephros complexes (as a negative control for AMH). The band corresponding to C-terminal AMH was observed at 12.5 kDa (Fig. 6A) in the male gonads and the male mesonephroi, but not in the female gonad-mesonephros complexes. The density of each band was measured and the data were normalized using the value of the GAPDH band at 37 kDa. The level of AMH protein in the cranial mesonephroi was higher than that in the caudal mesonephroi at both 13.5 and 14.5 dpc. The amount of AMH in the caudal mesonephroi was approximately one-third of that in the cranial mesonephroi at 13.5 dpc and less than half that in the cranial mesonephroi at 14.5 dpc (Fig. 6B) .
Dynamics of AMH in the organ culture
To investigate the dynamics of AMH in an organ culture of normal male and female gonad-mesonephros complex, we injected rh-AMH or normal saline into gonads with mesonephroi. After 48 hr of incubation the degree of regression of the Müllerian duct in each sample was evaluated. These two types of gonad-mesonephros complexes were cultured in the same well to eliminate the influence of AMH that may have leaked into the medium. The degree of regression of the Müllerian ducts in the AMH-injected samples (Fig. 7B, 7D , 7F and 7H) was clearly larger than that in the normal saline-injected samples (Fig. 7A, 7C , 7E and 7G) at the same cranial and caudal positions.
DISCUSSION
We investigated the mode of AMH signaling using B6N-XY POS mice and normal mice. The immunohistological analysis revealed that the level of AMH produced and secreted in the B6N-XY POS mice was less than that in the normal males, and AMHpositive cells were detected mainly in the middle region of the gonads of the B6N-XY POS mice. The existence of AMH − /Sox9 + incompletely differentiated Sertoli cells was also confirmed.
Sry expression begins in the middle region of the gonad, then extends to both poles [5] . Normal testis development requires that sufficient Sry expression is maintained for a critical time window of at least 6 hr at approximately 11.0-11.25 dpc [11] . In our study of the expression of testicular genes in B6N-XY POS mice, although Sry was expressed in the same manner as in normal males, Sry and its downstream gene, Sox9, occurred at 2-3 tail somites later in the B6N-XY POS mice compared to normal males [32] . In the B6N-XY POS mice examined in the present study, the Sry expression appeared to be insufficient at both poles of the gonad, and this 6 . A: AMH expression in the cranial/caudal mesonephroi at 13.5 and 14.5 dpc in normal males by Western blotting. Normal female gonad-mesonephros complexes were used as a negative control for AMH, and normal male gonads were used as a positive control for AMH. AMH bands (12.5 kDa) were detected in male gonads and cranial/caudal mesonephros, and GAPDH bands (37 kDa) were visualized in all samples. B: The amounts of AMH in the cranial and caudal mesonephros. The band intensity of AMH was quantified by using the value of the GAPDH bands. When the amount of AMH in the cranial mesonephros is set at 100, the amount in the caudal mesonephros is less than half as large at both 13.5 and 14.5 dpc. F: female gonadmesonephros complexes; M: male gonads; Cr: cranial half of the male mesonephroi; Ca: caudal half of the male mesonephroi.
doi: 10.1292/jvms.18-0023 lack of expression might have induced the incompletely differentiated Sertoli cells, which expressed Sox9 but could not synthesize AMH, especially at the poles. Even if the gonad appears to develop into a testis with Sox9-positive cells, the cells might not synthesize AMH in these specific situations. These results suggest that a critical time window of Sry action may exist for the differentiation of normally functioning Sertoli cells that synthesize AMH. It would thus be useful to reconsider the critical window of Sry more strictly compared to the study cited above [11] in a certain genetic backgrounds. It should be noted that the use of Sox9 as a marker of Sertoli cells may include the risk that some of the Sox9-positive cells will be non-functional Sertoli cells with no AMH expression.
When the Müllerian duct regresses, the mesenchymal cells surrounding the Müllerian duct condense and form a swirl pattern [7, 26, 33] , and the diameter of the Müllerian duct becomes small. In the present study, the degree of regression of the Müllerian ducts was smaller in the B6N-XY POS mice (with less AMH secretion) compared to the normal males, suggesting that the degree of Müllerian duct regression was dependent on the amount of AMH secreted. More importantly, the state of mesenchymal cells and the diameter of the Müllerian ducts in the O/T mice suggested that the Müllerian duct of the AMH-negative side hardly regressed, whereas the duct of the AMH-positive side showed steadily progressing regression. At the time point when the Müllerian ducts began to regress in the normal males, significant regression of the ducts was observed only on the side of the testis in the O/T mice that secreted AMH, as has been shown in adult O/T mice [32] .
To account for this phenomenon, we first performed immunohistochemistry using the primary antibody at a high concentration on the normal testis. A weak AMH-positive reaction was detected in the testicular interstitium and the cranial boundary region between the testis and mesonephros. This may indicate that AMH, following its secretion by Sertoli cells, flows into the interstitium surrounding the testis cord and then infiltrates the Müllerian duct in the mesonephros from the cranial region of the testis.
If this hypothesis is correct, the amount of AMH in the mesonephros would be expected to be larger in the cranial part than in the caudal part. The cleavage of proAMH occurs in the gonads, and the ratio of both proAMH and AMH N,C are not altered after the release from the gonads [27] . Therefore, in the mesonephros, 12.5-kDa AMH C will be detected as functional AMH that is able to bind to AMHR2. As we expected, the amount of AMH detected in the cranial mesonephroi by Western blotting was larger than that detected in the caudal mesonephroi, supporting the hypothesis that AMH infiltrates from the testis to the mesonephros, especially at the cranial region, and acts on the Müllerian ducts. In the organ culture, an increase in the degree of Müllerian duct regression was observed only in the AMH-injected samples, even though we eliminated the influence of AMH flow into the medium from the gonads. We thus speculate that AMH injected into the gonads infiltrated the Müllerian ducts and triggered their regression.
For the experiments of the Müllerian duct regression, organ culture analysis of urogenital ridge adding rh-AMH to the culture fluid is commonly used methods [31, 34, 35] . In the present study, we injected rh-AMH directly into the gonads instead of adding it to the culture medium. That was closer to in vivo situation and might be able to reproduce more accurate dynamics of AMH.
The rete testis, which gathers seminal fluid from the seminiferous tubules, is formed at the cranial region of the testis and connects the efferent ductules in the epididymis. The surface of the testis is covered with the tunica albuginea, and the efferent ductules link the rete testis to the epididymis, piercing the tunica albuginea [18] . At 13.5 and 14.5 dpc, the tunica albuginea separating the testis and mesonephros may be absent in the cranial region where the rete testis is formed in later development. Thus, the lack of the tunica albuginea may be a reason why AMH infiltrates from the testis into the Müllerian duct, especially through the cranial region.
The Müllerian duct regression is hypothesized to occur in a cranial-to-caudal manner corresponding to the expression of AMHR2. AMHR2-expressing cells are initially present in the mesonephric epithelium and mesenchyme on the anti-mesometrial side of both males and females equally. Under the influence of AMH, the cells proliferate and migrate into the mesenchyme surrounding the Müllerian duct [10, 30, 35] . The flow of secreted AMH suggested in the present study may therefore explain why the regression starts at the cranial part of the Müllerian duct. In other words, the pattern of secretion shown in this study could be applicable to normal male mice in vivo. It is necessary to verify the cause of the regression of the caudal region of Müllerian ducts by determining whether (i) the infiltration from the cranial testis reaches the caudal side or (ii) the signal entering the cranial region propagates to the caudal region.
Many studies of AMH and Müllerian duct regression have been conducted since the first report that testicular factor, distinct from testosterone, is responsible for Müllerian duct regression during male sex differentiation [15] . However, the detailed mechanisms by which AMH exerts its ipsilateral effects have been unclear. Our present findings elucidate the precise mechanisms by which AMH flow induces the regression of Müllerian ducts in the developing embryo. AMH secreted by the testis may induce an ipsilateral regression of the Müllerian duct by its secretion into the interstitium surrounding the testis cord and its subsequent infiltration into the cranial region between the testis and mesonephros.
